First we apply the ray impedance inversion to an inter-bed reservoir to characterize the oil-bearing sands. Seismic ray impedance, compared to conventional elastic impedance, has advantages in terms of sensitivity and stability to fluid content in the reservoir. We show that ray impedance with a higher ray parameter is sensitive to different lithologies, and even has the potential for discrimination of fluid content. In addition, we develop a simultaneous inversion to estimate three elastic parameters from PP-wave reflection seismics by using high-order approximation of reflection coefficients. Through the comparison of the inverted parameters with the corresponding well logs, we show that stable and high-resolution results are obtained for Poisson's ratio and even for density, from which we can identify the reservoir fluid distributions.
Introduction
This paper presents seismic inversion for ray impedance (RI) and three elastic parameters (EPs) using PP-wave seismic reflection data. Conventional simultaneous inversion for EPs is based on the linearized approximation of the Zoeppritz equation, thus no more than two parameters can be estimated (De Nicolao et al., 1993) . We apply a high-order approximation of the reflection coefficient in this paper, which allows the inversion of three independent EPs (P-wave velocity, S-wave velocity and density).
The study uses the Yongan 3D survey, made in central China. It is located in a transition zone between a deep concave zone and the north-slope of the Gaoyou depression. The geology of this area is complicated: faults are numerous, and the fault-blocks are small. Besides, subsurface layers are severely invaded by diabase (Figure 1a) , which makes formation correlation difficult. Inversion is carried out on section E2d1, which is the delta front sub-facies. Well Y35 encounters a thick reservoir formation in E2d1, consisting of multiple oil-bearing sand layers (sand-mud inter-beds). Porosity and permeability of E2d1 in block Y35 is low, from 10.4 ％ to 13.9 ％ , and from 14.7to 0.06mD, respectively.
Ray impedance
As a generalization of acoustic impedance (AI), elastic impedance (EI) has been applied widely in reservoir characterization. However its dimensionality varies dramatically with the increase of incident angle θ, and it is very sensitive to the non-optimal values of the parameter K (Connolly, 1999) . These limitations are caused by two assumptions: (1) angles of incidence are constant and the same as the corresponding transmission angles, and (2) the parameter 2 2 K β α = is constant. In order to lift the above assumptions, the PP-wave impedance approximation along the ray path (RI) is defined as (Wang, 2003) ( ) ( ) 
where for the ith layer of the medium, ray parameter sin sin
ively angles of incidence and reflection; α i , β i and ρ i represent P-wave velocity, S-wave velocity and density, respectively;
is assumed to be constant.
High-order approximation of reflection and simultaneous inversion
Known as the quadratic approximation, equation (2) combines three variables (θ ,ϕ and p) in the exact Zoeppritz equation into one -the ray parameter, instead of using angles in the conventional approximations. This modification obeys Snell's law by avoiding an assumption of constant incidence angle: 
Its solution in matrix-vector form is 
G

Real data application
Figures 1b and 1c show the ray-tracing process for one of the original CIP gathers. Ray paths are first estimated based on an initial velocity model (colored curves in 1b). Then the ray parameter for each sample can be calculated accordingly. Finally, reflection events along the offset are mapped to their corresponding ray parameters using a sinc function interpolation (Figure 1c) . In order to maintain a high signal-to-noise ratio, data within these specific intervals are extracted and then stacked to construct the constant ray parameter (CRP) sections (Figure 2 ). Figure 3 shows the inverted ray impedance (p=30, 60, 90 and 120ms/km) for the inline seismic across well Y35. Reservoirs in E2d1 are marked by arrows on the RI profiles. They correspond to the major sand layers indicated by Gamma ray and SP logs (red sections) in between. Better discrimination of sands (lower values) from surrounding mud (higher values) is presented in the profiles with higher ray parameter. More obvious phenomena can be found in the log data cross-plots (Figure 4) . Within the depth range of the target reservoir, oil-bearing sands can be entirely discriminated from mud using the cross-plot of AI and RI with a large ray parameter (Figure 4c ). Fluid analysis (Figure 4d ) shows those sands with higher porosity (>15%) have lower ray impedance value (between 7 and 8km/s*g/cc), which allows us to predict porosity using ray impedance.
For the elastic parameter inversion, reflectivities of the four CRPs in Figure 2 are used as inputs, with the largest ray parameter being 120ms/km (40 0 ). Inverted Poisson's ratio (estimated using inverted P-wave and S-wave velocity) and density are compared with the corresponding well logs in Figure 5 . Although density is the most insensitive parameter, it is estimated accurately along with the other two parameters. 
Conclusions
We apply the inversion of ray impedance and three elastic parameters to seismic lines in a land 3D survey to characterize the sand-mud inter-bed reservoir. Through the comparison with logs and a series of analysis, we show that ray impedance is able to characterize the lithology and even has the potential to discriminate fluid content. The inverted elastic parameters agree with the corresponding well logs. Poisson's ratio and even the density show a stable and highly-accurate result, from which we can identify the reservoir distributions directly.
